Key Words LIM code, motor neuron subtypes, axon pathfinding, topography, spinal cord s Abstract The topographic assembly of neural circuits is dependent upon the generation of specific neuronal subtypes, each subtype displaying unique properties that direct the formation of selective connections with appropriate target cells. Studies of motor neuron development in the spinal cord have begun to elucidate the molecular mechanisms involved in controlling motor projections. In this review, we first describe the actions of transcription factors within motor neuron progenitors, which initiate a cascade of transcriptional interactions that lead to motor neuron specification. We next highlight the contribution of the LIM homeodomain (LIM-HD) transcription factors in establishing motor neuron subtype identity. Importantly, it has recently been shown that the combinatorial expression of LIM-HD transcription factors, the LIM code, confers motor neuron subtypes with the ability to select specific axon pathways to reach their distinct muscle targets. Finally, the downstream targets of the LIM code are discussed, especially in the context of subtype-specific motor axon pathfinding.
INTRODUCTION
One of the fundamental issues in the field of developmental neuroscience is to understand the mechanisms that control the identity of distinct classes of neurons located at defined positions within the nervous system. This has been the goal of considerable research effort in vertebrates and invertebrates alike, for the ability of an animal to accomplish its behavioral repertoires depends critically on the generation of appropriate neuronal types and the establishment of specific neuronal connections. Importantly, in adult organisms, the mature identity of a neuron, which underlies the functional unit of a neural circuit, is represented by its characteristic features that include the soma position, the axonal projection pattern, the elaboration of dendritic morphology, the expression of specific ion channels and neurotransmitter receptors, and the production of appropriate neurotransmitter. Many of these characteristic traits are coordinately regulated and acquired during development (for reviews, see Edlund & Jessell 1999 , Jessell 2000 . Recent genetic studies of vertebrates and invertebrates have identified a number of genes that regulate 0147-006X/02/0721-0251$14.00
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SHIRASAKI PFAFF the expression of these unique phenotypes, and further suggested that the ultimate outcome of neuronal identity is under the control of complex regulatory networks of transcription factors acting in a sequential fashion (for recent reviews, see Jurata et al. 2000 , Lee & Pfaff 2001 . It should be noted, however, that many of these transcription factors act in the progenitor cells for neurons prior to cell cycle exit (for reviews, see Bang & Goulding 1996 , Doe & Skeath 1996 . Therefore, for the most part, mutation of progenitor cell transcription factors alters the expression of the downstream transcription factors driving neural development, leading to a change in expression of the terminal differentiation genes in postmitotic neurons. This results in the alteration of the mature phenotype of neurons. Therefore, whereas progenitor cell transcription factors are important for establishing neuronal cell identity, it is unlikely that they directly control the expression of unique characteristics of postmitotic neurons.
Axon pathfinding is one aspect of the neuronal differentiation program that occurs in postmitotic neurons. We now understand that the correct wiring of the nervous system depends upon the ability of individual axons to recognize specific guidance cues during their growth toward their final cellular targets (for reviews, see Tessier-Lavigne & Goodman 1996 , Mueller 1999 . In addition, the topographic organization and elaboration of neural networks in higher organisms is dependent upon the generation of related, but distinct, neuronal subclasses (or subtypes) from broad classes of neurons during development. In general, the axonal trajectory of a single class of neurons is composed of several discrete pathways, some of which are shared by multiple subtypes and others are unique pathways used by individual subtypes. The classical experimental studies using avian embryos have provided a wealth of information on these axonal pathfinding steps (for a review, see Landmesser 1992) . The emerging view is that each neuronal subtype possesses an intrinsic capacity to detect its own unique path soon after it becomes postmitotic (for a review, see Eisen 1994) . This suggests that, before they reach their specific pathfinding decision points, they have already been genetically programmed to be able to sense their unique pathway-specific guidance cues. Accumulating evidence now suggests that the intrinsic genetic programs are in most cases encoded not by a single but rather by unique combinatorial arrays of certain classes of transcription factors (for a review, see Pfaff & Kintner 1998) .
This review focuses primarily on the role of postmitotically expressed transcription factors that ultimately control axon pathfinding during the development of vertebrates and invertebrates. In particular, we describe the role of transcription factors in the development of a single class of neurons in the spinal cord, motor neurons, from the generation of motor neuron progenitors to the acquisition of specific subtype properties. In recent years, numerous reviews have covered portions of this work, most of which focused on inductive signals and the control of neuronal patterning along the dorsoventral axis of the spinal cord as well as the transcriptional mechanisms for determination of neuronal progenitor identity. Thus, rather than providing a comprehensive review on the transcriptional mechanisms for motor neuron fate specification, we mainly discuss the role of one class of postmitotically expressed transcription factors, the LIM homeodomain (LIM-HD) transcription factors, in fate determination of motor neuron subtypes and in subtype-specific motor axon pathfinding, especially in light of intrinsic genetic regulators of axon guidance.
SPECIFICATION OF PROGENITOR CELL IDENTITY BY HOMEODOMAIN TRANSCRIPTION FACTORS
We first describe the early patterning events that confer the identity of neuronal progenitors in the spinal cord. During the early development of the vertebrate central nervous system (CNS), dividing progenitor cells in the ventricular zone acquire regionally restricted characteristics that later impose distinct identities on their neuronal progeny. The properties of progenitor cells are defined by secreted inductive signals, which diffuse from their cellular source to form a concentration gradient. For example, in the dorsal spinal cord, bone morphogenetic proteins, which are secreted from the surface ectoderm and the roof plate, control the specification of dorsal cell types such as neural crest cells and dorsal sensory interneurons (for a review, see Lee & Jessell 1999) . In contrast, in the ventral spinal cord, Sonic Hedgehog (Shh), a glycoprotein secreted from the notochord and the floor plate, specifies the pattern of generation of motor neurons and certain classes of ventral interneurons in a concentration-dependent manner (for a recent review, see Briscoe & Ericson 2001) . Indeed, in mice deficient in Shh function, motor neurons and ventral interneurons fail to develop (Chiang et al. 1996) .
Progenitor cells respond to the graded inductive signals by translating the specific concentration of the signals into the patterned expression of transcription factors (for a recent review, see Gurdon & Bourillot 2001) . Recent studies have identified a set of homeodomain transcription factors expressed by ventral neuronal progenitors that function as intermediaries in interpreting graded Shh signaling. The combinatorial expression of these homeodomain transcription factors subdivides the ventral spinal cord into five progenitor domains, each of which gives rise to a distinct class of postmitotic neurons (Figure 1) . These homeodomain transcription factors can be categorized into class I and class II factors based on their mode of regulation by Shh. The class I proteins (Pax7, Dbx1, Dbx2, Irx3, and Pax6) are repressed by Shh signaling, whereas the class II proteins (Nkx6.2, Nkx6.1, Olig2, Nkx2.2, and Nkx2.9) depend on Shh signaling for their expression , Mizuguchi et al. 2001 , Novitch et al. 2001 , Vallstedt et al. 2001 . It should be noted that Olig2 is a basic helix-loop-helix (bHLH) transcription factor (see below), unlike the other factors which contain homeodomains.
Evidence has been provided that cross-repressive interactions between neighboring class I and class II factors subsequently act to refine and sharpen the boundaries of these progenitor domains , thus ensuring that progenitor cells within individual domains express distinct combinations of these homeodomain transcription factors. Importantly, it has also been shown that most of these homeodomain transcription factors, which share a motif related to the eh1 region of the Engrailed repressor domain (Smith & Jaynes 1996) , act directly as Figure 1 A combinatorial code of homeodomain transcription factors and basic helix-loophelix transcription factors specifies the identity of neuronal progenitor cells in the ventral neural tube. Graded Sonic Hedgehog (Shh) signaling establishes distinct ventral progenitor domains by regulating the expression of transcription factors, which are subdivided into class I and class II factors based on whether their expression is repressed or induced by Shh signaling. These transcription factors act as intermediaries in Shh-dependent neural patterning. Crossrepressive interactions between class I and class II factors, which abut a common progenitor domain, contribute to establishing individual progenitor domains (p3-p0) with sharp boundaries. Each progenitor domain gives rise to a specific class of postmitotic neurons. The identity of potential class II factors (mX) counteracting the activity of the Pax7 class I factor remains unknown. In this model, for example, the boundaries of the motor neuron (MN) progenitor domain are delineated ventrally by Pax6/Nkx2.2 and dorsally by Irx3/Olig2. Nkx6.2 expression overlaps Nkx6.1 ventrally in the chick but is restricted to the p1 domain in the mouse.
transcriptional repressors through the recruitment of Groucho-TLE corepressors . Consistent with the idea that these transcription factors participate in a code for establishing neuronal identity, genetic studies have shown that the pattern of generation of certain ventral neuronal classes is impaired in rodents carrying mutations in these genes such as Pax6, Dbx1, Nkx2.2, Nkx6.1, and Nkx6.2 (Burrill et al. 1997 , Ericson et al. 1997 , Osumi et al. 1997 , Briscoe et al. 1999 , Sander et al. 2000 , Vallstedt et al. 2001 .
Together, these findings suggest that mutual repression of class I and class II transcriptional repressors at progenitor domain boundaries, as well as the combinatorial expression of these factors within each progenitor domain, plays an instructive role in the specification of neuronal progenitor fate in the developing spinal cord (Figure 1) . Furthermore, the regulation of neuronal fate by negatively acting transcription factors in progenitor cells implicates a derepression strategy for neuronal fate determination. This model therefore predicts that cell identity within each domain is achieved through active suppression of all the other possible neuronal fates directed by other transcription factors (see below).
NEURONAL SPECIFICATION AND CELL CYCLE EXIT BY bHLH TRANSCRIPTION FACTORS
Recent studies have now provided evidence that bHLH transcription factors in vertebrates can also impose some aspects of neuronal identity, in addition to their more general roles in neurogenesis (for reviews, see Kageyama & Nakanishi 1997 , Lee 1997 , Guillemot 1999 ; see also Gowan et al. 2001) . For example, in the peripheral nervous system, Mash1, a mammalian homolog of Drosophila achaetescute, is expressed in progenitor cells of autonomic neurons, where it is required for the acquisition of a noradrenergic neurotransmitter phenotype (Hirsch et al. 1998 ). In addition, bHLH transcription factors have the ability to direct the exit of neural progenitors from the cell cycle (Morrow et al. 1999 , Farah et al. 2000 , Mizuguchi et al. 2001 , Novitch et al. 2001 . In contrast, none of the class I/II homeodomain transcription factors described above have so far been shown to regulate cell cycle exit in the ventricular zone of the neural tube.
In the developing spinal cord, bHLH transcription factors are expressed in a number of discrete domains along the dorsoventral axis of the neural tube. Some of these bHLH transcription factors, such as the Drosophila biparous/tap-related genes Neurogenins (Ngns) and the atonal-related gene Math1, show expression patterns restricted to specific progenitor domains of the spinal cord (Akazawa et al. 1995 , Ben-Arie et al. 1996 , Gradwohl et al. 1996 , Sommer et al. 1996 , Ma et al. 1997 , Helms & Johnson 1998 , Lee et al. 1998 , Gowan et al. 2001 . Indeed, like the action of homeodomain transcription factors in the ventral spinal cord described above, crossinhibitory regulation between Neurogenin1, Math1, and Mash1 has been shown to determine discrete progenitor domains and neuronal fate in the dorsal spinal cord (Gowan et al. 2001) .
Recently, another family of bHLH transcription factors has been identified and two of these members, Olig1 and Olig2, show a restricted pattern of expression within the ventral spinal cord (Lu et al. 2000 , Takebayashi et al. 2000 , Zhou et al. 2000 . Furthermore, functional studies using ectopic expression of these genes have suggested an instructive role in oligodendrocyte differentiation (Lu et al. 2000; Zhou et al. 2000 Zhou et al. , 2001 . Importantly, the onset of expression of these genes precedes the appearance of oligodendrocyte progenitors and, in particular, they are precisely expressed in the progenitor domain for motor neurons in the ventral spinal cord (Mizuguchi et al. 2001 , Novitch et al. 2001 , suggesting an additional role for these bHLH transcription factors in motor neuron fate specification. Indeed, misexpression of Olig2 in the chick neural tube generated ectopic motor neurons. The ectopic cells formed at the expense of more dorsal neuronal types are correlated with Olig2's ability to repress the expression of the class I homeodomain factor Irx3 (Mizuguchi et al. 2001 , Novitch et al. 2001 .
The involvement of Neurogenin2 (Ngn2), another member of the bHLH transcription factor family, in neuronal fate specification has been suggested from the regulatory interactions between Ngn2 and Pax6, revealed by the analysis of mice carrying mutations in these genes (Scardigli et al. 2001) . Interestingly, consistent with the temporal and spatial expression pattern of Olig2 and Ngn2 in the ventral spinal cord, ectopic expression of Olig2 in the neural tube induced the upregulation of Ngn2 (Novitch et al. 2001) and, in some regions of the neural tube, triggered expression of homeodomain transcription factors such as MNR2 which is involved in motor neuron specification (Mizuguchi et al. 2001 , Novitch et al. 2001 ). This therefore suggests that Olig2 regulates factors for establishing cell identity and neurogenesis in a coordinated manner. In support of this notion, mice deficient in Ngn2 function have reduced motor neuron numbers and altered molecular marker profiles (Scardigli et al. 2001 ). Because Ngns have been shown to regulate neurogenesis and promote cell cycle exit, the role of Olig2 appears not just to activate specific motor neuron determinants but also to restrict the number of cell cycles available to motor neuron progenitors and activate pan-neuronal traits via the activation of Ngn2.
MOLECULAR PATHWAY FOR SPECIFICATION OF MOTOR NEURON IDENTITY BY COMBINATORIAL ACTIONS OF HOMEODOMAIN AND bHLH TRANSCRIPTION FACTORS
The combinatorial expression of homeodomain and bHLH transcription factors thus delineates distinct progenitor domains in the ventricular zone of the spinal cord, each of which is responsible for the fate determination of their neuronal progeny. Here, we describe in detail a model of the action of these transcription factors on motor neuron fate specification.
The motor neuron progenitor (pMN) domain is demarcated by the V2 interneuron progenitor (p2) domain dorsally and by the V3 interneuron progenitor (p3) domain ventrally (Figure 1 ). The combinatorial actions of the class I/II factors, Pax6/Nkx2.2 and Irx3/Olig2, define the boundaries of the pMN domain. Within this pMN domain itself, where progenitors express Nkx6.1 and Nkx6.2, the activities of these two Nkx6 repressor proteins inhibit the expression of other cell determinants while allowing Olig2 to become expressed for the coordinate regulation of factors involved in motor neuron differentiation such as Ngn2, MNR2, and HB9 , Sander et al. 2000 , Vallstedt et al. 2001 . These findings raise the issue of whether Olig2 acts in parallel with or independently of Nkx6 and Ngn2 in this molecular pathway. Gain-of-function and loss-of-function studies have demonstrated that Olig2 acts downstream of Nkx6 proteins (Novitch et al. 2001) .
Taken together, these findings establish a molecular hierarchy of transcription factors in motor neuron fate specification, i.e., within the pMN domain, Nkx6 class proteins initiate the generation of motor neuron progenitors by upregulating the expression of Olig2, which then promotes the expression of dedicated determinants such as MNR2 that impose specific motor neuron identity on cells, in parallel with the promotion of Ngn2 expression to drive motor neuron progenitors to leave the cell cycle and acquire panneuronal traits characteristic of postmitotic neurons.
TRANSCRIPTIONAL CONTROL OF MOTOR NEURON FATE BY HOMEODOMAIN FACTORS, MNR2 AND HB9
The onset of expression of MNR2 and subsequent expression of HB9 correlates with the progression of progenitor cells toward a motor neuron fate. In the chick embryo, MNR2 is first expressed by motor neuron progenitors during their final division cycle at the time when motor neurons attain independence from Shh signaling (Ericson et al. 1996 , Tanabe et al. 1998 , and the expression persists transiently in postmitotic motor neurons. Functional significance for the MNR2 homeodomain factor is provided by the finding that ectopic expression of MNR2 is sufficient to activate a program of somatic (skeletal muscle-innervating) motor neuron differentiation, characterized by the expression of motor neuron-specific homeodomain factors [e.g., Islet-1 (Isl1), Islet-2 (Isl2), and Lhx3 (also termed Lim3 or P-Lim)] and the enzyme choline acetyltransferase (ChAT) for neurotransmitter synthesis, and by the extension of axons that exit from the ventral spinal cord (Tanabe et al. 1998 ). In addition, the observation that MNR2 can positively regulate its own expression (Tanabe et al. 1998) points to a molecular basis for the transition from an Shh-dependent to an Shh-independent state, thus contributing to an irreversible commitment for the specification of somatic motor neuron differentiation (Tanabe et al. 1998) .
HB9 (Harrison et al. 1994 ), a homeobox gene whose expression in the CNS is also restricted to motor neurons , Saha et al. 1997 , Arber et al. 1999 , Thaler et al. 1999 , possesses a homeodomain almost identical to that of MNR2 and shares with MNR2 the ability to induce motor neurons when ectopically expressed in the chick neural tube (Tanabe et al. 1998) . In contrast to MNR2, chick HB9 appears only in postmitotic motor neurons (Tanabe et al. 1998 ). Interestingly, mice seem to lack MNR2, but the expression pattern of HB9 in mice shows a pattern that approximates a composite of MNR2 and HB9 in chick (Arber et al. 1999 , Thaler et al. 1999 . In mice lacking HB9 function, motor neurons are generated on schedule and in normal number. However, soon after motor neurons have left the cell cycle, they transiently express the Chx10 homeodomain transcription factor ordinarily characteristic of V2 interneurons.
Although this aberrant regulation of the gene profile in motor neurons does not cause a complete fate conversion of motor neurons to V2 interneurons, this abnormal transcriptional code is accompanied by topological disorganization of motor columns and marked errors in the pattern of axonal projections of somatic motor neurons in the periphery (Arber et al. 1999 , Thaler et al. 1999 . Thus, these studies show that, although HB9 is not required for motor neuron generation, unlike other factors such as the postmitotically expressed Isl1 , it is indispensable for facilitating a normal program of motor neuron differentiation and for suppressing expression of inappropriate interneuron genes. Indeed, the repressive role of HB9 deduced from the above loss-of-function studies is complementary to the MNR2 gain-of-function study in which ectopic expression of MNR2 suppresses the generation of V2 interneurons in the chick (Tanabe et al. 1998) .
It is important to discuss why motor neurons, in the absence of HB9 function, preferentially upregulate V2 interneuron characteristics rather than other interneuron genes. Cell lineage-tracing studies in the chick and the zebrafish have suggested that a single clonal progenitor can generate both motor neurons and ventral interneurons (Leber et al. 1990 , Kimmel et al. 1994 ). More recently, it has been shown in mice that neuronal progenitors of motor neurons and V2 interneurons express a related profile of homeodomain transcription factors, including Pax6 and Lhx3/Lhx4 (Ericson et al. 1997 , Sharma et al. 1998 . These findings therefore suggest that motor neurons and V2 interneurons have genetically related progenitor cells. In addition, it has been shown in the chick that ectopic expression of Lhx3 is sufficient to induce the V2 interneuron marker Chx10 in the absence of MNR2 (Tanabe et al. 1998 ). Thus, the emerging view from the analysis of HB9 knockout mice is that motor neurons inherently possess the potential to initiate genetic programs representative of V2 interneurons. In this context, active suppression of V2 interneuron genetic programs within developing motor neurons is essential to consolidate and establish the identity of postmitotic motor neurons, because Lhx3 is shared by both V2 interneurons and motor neurons.
Thus, like other homeodomain transcription factors, MNR2 and HB9 contribute to the determination of neuronal fate by restricting the intrinsic cellular potential to express conflicting genetic programs within a developing neuron (e.g., Tanabe et al. 1998 , Arber et al. 1999 , Siegler & Jia 1999 , Thaler et al. 1999 ).
TRANSCRIPTION FACTORS EXPRESSED IN POSTMITOTIC NEURONS: LIM-HD TRANSCRIPTION FACTORS
The initiation of axon outgrowth and subsequent pathfinding steps by a neuron is one characteristic feature of the neuronal differentiation program that occurs postmitotically. However, as described above, many of the transcription factors that have critical roles in neuronal fate specification act prior to or around the final cell division of progenitor cells, making it unlikely that they directly regulate the onset of the specific events occurring in postmitotic neurons. In this context, transcription factors expressed in postmitotic neurons are considered to have key functions to activate axon guidance programs for specific pathway choices and target recognition.
Among transcription factors categorized in this way, LIM-HD transcription factors are a family of genes in which all members identified to date in higher vertebrates are expressed in distinct subsets of postmitotic neurons (for a recent review, see Hobert & Westphal 2000) . Apart from a DNA-binding homeodomain, one of the unique properties of LIM-HD transcription factors is their structure with two copies of a specialized zing-finger motif called the LIM domain, after its original discovery in two Caenorhabditis elegans gene products, lin-11 and mec-3, and the insulin-enhancer-binding protein Isl1 (Way & Chalfie 1988 , Freyd et al. 1990 , Karlsson et al. 1990 ). The LIM domain is thought to mediate proteinprotein interactions, and, in particular, all LIM-HD transcription factor interactions reported to date are dependent upon the LIM domains (for reviews, see Dawid et al. 1998 , except for the interaction between the MEC-3 and the POU homeodomain (POU-HD) transcription factor UNC-86 (Xue et al. 1993 ). It has also been shown that NLI (also termed Ldb or CLIM), a widely expressed nuclear protein with intrinsic dimerization capacity, binds with high affinity to the LIM domains of all LIM-HD transcription factors (Agulnick et al. 1996 , Jurata et al. 1996 , Jurata & Gill 1997 , Bach et al. 1997 ) and interestingly, it is mainly expressed in postmitotic cells in the developing CNS (Jurata et al. 1996) . Importantly, evidence exists that the nuclear interactor NLI can assemble different LIM-HD transcription factors into a single complex (Figure 2) .
Thus, the unique combinatorial arrays of LIM-HD transcription factors in postmitotic neurons have the potential to assemble homomeric and heteromeric complexes in a neuron-specific fashion. It seems likely that the formation of such higher-order complexes allows LIM-HD transcription factors to engage in activation of terminal differentiation genes responsible for the expression of unique properties of postmitotic neuronal subclasses (J. P. Thaler, S.-K. Lee, L. W. Jurata, G. N. Gill, S. L. Pfaff, submitted).
FUNCTIONS OF EXEMPLARY MEMBERS OF LIM-HD TRANSCRIPTION FACTORS
Before proceeding to the role of LIM-HD transcription factors in the determination of motor neuron fate, we describe briefly the functions of exemplary members of this class of transcription factors, lin-11, mec-3, apterous, and Isl1.
lin-11
The complete genome sequence of C. elegans reveals seven LIM-HD genes, which are expressed in largely nonoverlapping sets of cell types (for a review, see Hobert & Westphal 2000) . lin-11 was first identified on the basis of its role in regulating asymmetric cell divisions in vulval cell lineages (Ferguson & Horvitz 1985 , Ferguson et al. 1987 , Freyd et al. 1990 . Subsequent work has shown that postmitotic AIZ interneurons, which are a major component of the thermoregulatory neural network, express lin-11. The gene activity is not required for the generation of these neurons per se, but has a role in specifying the function of these cells (Hobert et al. 1998) . lin-11 is also expressed in ventral cord motor neurons and the gene activity is not necessary for the axonal outgrowth of these motor neurons but is required for them to fasciculate correctly (Hobert et al. 1998) . Recently, it has been shown that lin-11 is also necessary for the functional specification of the AWA olfactory neurons by regulating expression of the AWA-specific odr-7 nuclear hormone receptor gene (Sarafi-Reinach et al. 2001) , which promotes the expression of AWA-specific characteristics and suppresses the fate of sibling AWC olfactory neurons (Sengupta et al. 1994 , Sagasti et al. 1999 . It should be noted that the vertebrate lin-11 homolog Lim1 (also termed Lhx1) is also expressed in a subset of motor neurons in the spinal cord (Tsuchida et al. 1994 , Kania et al. 2000 .
mec-3
The mec-3 gene is required for the terminal differentiation of the six mechanosensory neurons (the touch receptor neurons) in C. elegans (Way & Chalfie 1988) . In mec-3 mutants, the expression of mec-4, which encodes a putative ion channel subunit necessary for touch sensitivity (Driscoll & Chalfie 1991) , is absent and the expression of mec-7, which encodes a β-tubulin present in the processes of touch cells (Savage et al. 1989) , is greatly reduced (Hamelin et al. 1992 , Mitani et al. 1993 . The POU-HD transcription factor unc-86 is necessary for the generation of touch cells and continues to be expressed by postmitotic touch cells (Finney et al. 1988 , Finney & Ruvkun 1990 . Subsequent molecular analyses have suggested that MEC-3 and UNC-86 bind cooperatively to sites in the mec-3 promoter region and can synergistically activate transcription from the mec-3 promoter (Xue et al. 1993 , Lichtsteiner & Tjian 1995 . Recently, it has been shown that MEC-3 binds poorly to mec-4 and mec-7 promoters in the absence of UNC-86, and the hetero-oligomer complexes of UNC-86 and MEC-3 directly activate two downstream genes, mec-4 and mec-7, that are necessary for the specific function of touch cells (Duggan et al. 1998 ). Combinatorial transcription control by LIM-HD and POU-HD transcription factors can also be seen in development of the mammalian pituitary. For example, the LIM-HD transcription factor Lhx3 and POU-HD transcription factor Pit-1 synergistically activate several downstream target genes, such as the prolactin and thyroid-stimulating hormone β-subunit genes (Bach et al. 1995) .
apterous
The apterous gene is expressed in small subsets of postmitotic interneurons and muscle precursors during embryonic development of Drosophila (Bourgouin et al. 1992 , Lundgren et al. 1995 . It has been shown that apterous controls the ability of these neurons to make their proper pathway choices and selectively fasciculate with one another (Lundgren et al. 1995) . apterous is also expressed in dorsal cells of the wing imaginal disc and is required for cells of the dorsal compartment to assume a dorsal identity (Cohen et al. 1992 , Diaz-Benjumea & Cohen 1993 , Blair et al. 1994 . Interestingly, ectopic expression of apterous induces ectopic ventral expression of PS1 integrin, which is normally expressed in a dorsal-specific pattern. In contrast, loss of apterous causes the ectopic dorsal expression of PS2 integrin, a ventral-specific characteristic (Blair et al. 1994 ). These results suggest that cell adhesion molecules are included among the downstream target genes of LIM-HD transcription factors.
Isl1
Isl1 was originally identified as a protein that binds to enhancer elements in the rat insulin gene (Karlsson et al. 1990 ). In the adult rat, Isl1 is expressed in all pancreatic islet cell types and in a variety of other polypeptide hormone-producing cells of the endocrine system (Thor et al. 1991) . In addition, Isl1 is also expressed in a subset of neurons, including motor neurons in the spinal cord and the brain stem (Thor et al. 1991) . The expression pattern of Isl1 in the vertebrate CNS, together with the findings from genetic studies in C. elegans and Drosophila described above, raised the intriguing possibility that LIM-HD transcription factors may contribute to the specification of neuronal cell fate in the vertebrate nervous system. This idea gained credence when it was found in the chick spinal cord that Isl1 is expressed in all motor neurons immediately after they leave the cell cycle and before they initiate the expression of other differentiated properties (Ericson et al. 1992) . Similar observations have been made in studies of spinal motor neurons in the mouse , of zebrafish primary motor neurons (Korzh et al. 1993 , Inoue et al. 1994 , and of Drosophila motor neurons and interneurons (Thor & Thomas 1997) . In Isl1 knockout mice and in chick embryo spinal cord explants cultured in the presence of Isl1 antisense oligonucleotides, the generation of motor neurons does not occur, leading to the appearance of apoptotic cells at the stage when Isl1 is first expressed . In contrast, Drosophila islet is not required for the generation of motor neurons and interneurons. Instead, in islet mutants, these neurons show axon pathfinding errors and fail to exhibit their proper neurotransmitter phenotype (Thor & Thomas 1997) . Recently, the role of zebrafish Isl2, an ortholog of Drosophila islet, in neuronal differentiation has been examined by disrupting the heteromeric complex of Isl2 and NLI dimers and through the use of antisense morpholino oligonucleotides against Isl2 mRNA (Segawa et al. 2001 ). This functional repression of Isl2 causes abnormal soma settling within the spinal cord, elimination of ventrally projecting axons, and alteration in neurotransmitter phenotype by subsets of primary motor neurons. Interestingly, in these embryos, the peripheral projections of the Isl2-positive primary sensory neurons are never formed.
MOTOR NEURON SUBTYPE IDENTITY IN VERTEBRATES: CELLULAR ORGANIZATION OF MOTOR NEURON SUBTYPES
Motor neurons located at different positions in the spinal cord project their axons in a highly stereotyped manner to innervate distinct targets in the periphery (Figure 3 ). This high degree of spatial order establishes a topographic neural map. The topographic and functional organization of the spinal cord motor projections is a consequence of the generation of subtypes of motor neurons during development (for a review, see Pfaff & Kintner 1998) . Motor neuron subtypes become evident when their axons select specific pathways to their muscle targets, and their cell bodies settle into longitudinally aligned columns within the spinal cord (for a review, see Landmesser 1980) . In higher vertebrates, the arrangement of this organization is hierarchical and composed of several layers. First, motor neurons that project to a single muscle are clustered together in a longitudinal column called a "pool." Second, pools are grouped into larger columns on the basis of their specific target location in the periphery. Individual columns occupy characteristic positions along the rostrocaudal axis of the spinal cord. Third, the limb-and axial muscle-innervating motor columns are further subdivided into the medial and the lateral compartments corresponding to a dorsoventral subdivision in the position of their respective targets. In addition, motor neurons are also categorized into two classes based on whether their axons emerge dorsally or ventrally from the neural tube, as well as on the cell type that they innervate (i.e., somatic or visceral).
In the chick spinal cord (Figure 3 ), for example, somatic motor neurons that innervate trunk muscles form a medial motor column (MMC), which is continuous along the length of the spinal cord. In contrast, somatic motor neurons that innervate limb muscles are present only at brachial and lumbar levels, where they constitute a discontinuous lateral motor column (LMC). At thoracic levels, visceral motor neurons that innervate sympathetic neurons form a preganglionic motor column of Terni (purple, Figure 3) . Furthermore, the MMC and LMC can be subdivided into two groups, respectively. A medial group of MMC, MMCm, extends along the entire rostrocaudal length of the spinal cord and projects axons to axial muscles (red, Figure 3) . A lateral group, MMCl, found only at thoracic levels, projects axons to muscles of the ventral body wall (orange, Figure 3) . Within the LMC, a medial group, LMCm, projects to ventral limb muscles (green, Figure 3 ), whereas a lateral group, LMCl, projects to dorsal limb muscles (blue, Figure 3 ).
DISTINCT INTRINSIC PROPERTIES OF MOTOR NEURON SUBTYPES
The specificity of motor projections to individual muscle targets at different peripheral locations depends critically on the pathfinding decisions made by axonal growth cones of each subtype of motor neuron during embryonic development (for reviews, see Landmesser 1992 , Eisen 1994 . A remarkable feature of axon pathfinding by motor neuron subtypes is that after leaving the spinal cord, they initially follow a common pathway to grow ventrally, at which point they diverge to select a subtype-specific pathway leading toward their appropriate targets. For example, the axons of MMCm neurons break away from the common path, the ventral root, and form a nerve branch (termed the dorsal ramus) to innervate the dermomyotome, the final target of MMCm axons (Tosney & Landmesser 1985a,b) . In contrast, the axons of LMCm and LMCl neurons appear to ignore the choice point of MMCm axons and instead continue to grow ventrolaterally to reach the base of the limb. At this point, LMCm axons project exclusively into the ventral limb mesenchyme, whereas LMCl axons project only to the dorsal limb mesenchyme (Landmesser 1978; Tosney & Landmesser 1985a,b) . Importantly, motor neurons develop their target specificity prior to their target innervation, as suggested by the analyses of motor axon projection patterns after a variety of surgical manipulations of chick and zebrafish embryos (for reviews, see Landmesser 1992 , Eisen 1994 ; see also Matise & Lance-Jones 1996) . Furthermore, in embryonic zebrafish, it has been shown by transplanting identified primary motor neurons to new spinal cord locations that the identity of motor neuron subtypes is determined just prior to the onset of axon outgrowth (Eisen 1991). Tsuchida et al. (1994) identified a family of chick LIM-HD transcription factors and found that four members, Isl1, Isl2, Lim1, and Lhx3, are expressed in motor neurons in the embryonic chick spinal cord. Interestingly, the expression of a single LIM-HD transcription factor was not sufficient to distinguish individual motor columns, nor did it obviously delineate individual motor pools. However, the combinatorial expression of these genes (LIM code) defines subtypes of motor neurons that occupy different columns in the spinal cord, select specific axonal pathways in the periphery, and innervate distinct targets (Figure 3) . Furthermore, each subtype of motor neuron expresses its own LIM code prior to the segregation of motor neurons into columns and before distinct axonal pathways are established in the periphery. Thus, a LIM code expressed in motor neurons accurately marks a motor neuron subtype long before they reach their own muscle targets. Subsequent studies have shown that the patterned expression of LIM-HD transcription factors correlates with the axonal trajectory of primary motor neurons in embryonic zebrafish as well (Appel et al. 1995 , Tokumoto et al. 1995 . In addition, the transplantation of zebrafish primary motor neurons to new spinal cord positions initiated a new LIM code in these motor neurons, accompanied by axonal projection patterns appropriate for the new position (Appel et al. 1995) , suggesting a tight correlation between the LIM-HD factors and the commitment to a particular motor neuron fate represented by subtype-specific axonal projection patterns.
COMBINATORIAL EXPRESSION OF LIM-HD TRANSCRIPTION FACTORS MARKS MOTOR NEURON SUBTYPES: A LIM CODE
Together, these findings raise the possibility that the LIM code confers subtypes of motor neurons with the ability to select distinct axonal pathways and to recognize specific muscle targets in the periphery. In this context, one function of the LIM code may be to regulate the expression of downstream genes that determine motor axons' responsiveness to guidance cues specific for a subtype of motor neurons.
DYNAMIC EXPRESSION OF LIM-HD TRANSCRIPTION FACTORS IN MOTOR NEURONS
The expression patterns of LIM-HD transcription factors change rapidly in motor neurons during the initial period in which they are generated (Tsuchida et al. 1994 , Appel et al. 1995 , Sharma et al. 1998 , suggesting that precise temporal regulation of LIM-HD transcription factor expression potentially expands the LIM code. Using CRE-mediated lineage tracing in mice, Sharma et al. (1998) found that, for a brief period around the time when motor neurons are born, Lhx3 and the redundant gene Lhx4 are expressed in all motor neuron subtypes that extend axons ventrally from the neural tube (Figure 4) . In contrast, motor neurons whose axons emerge dorsally from the neural tube never express these genes. Surprisingly, when ventrally exiting motor neurons become topographically organized into columns and extend axons in the periphery, they rapidly downregulate the expression of Lhx3 and Lhx4, except for MMCm neurons that maintain expression of these factors (Figure 4) . Because all motor neurons begin to express Isl1 soon after they exit the cell cycle irrespective of the axonal trajectory (Ericson et al. 1992) , the dynamic expression of Lhx3 and Lhx4 in combination with Isl1 is found to define a transient LIM code that is predicted to assign the axonal exit point selected by motor neurons. To test whether these LIM-HD transcription factors regulate axonal exit point identity, Sharma et al. (1998) analyzed mice deficient in both Lhx3 and Lhx4. They found that, although motor neuron differentiation proceeds, ventrally exiting motor neurons switch their subtype identity to become motor neurons that extend axons dorsally from the neural tube. Conversely, they showed using chick embryo electroporation that ectopic expression of Lhx3 in dorsally exiting motor neurons is sufficient to reorient their axonal projections ventrally from the neural tube.
Thus, at the birth of motor neurons, Isl1 and Lhx3/Lhx4 act together in a binary fashion during a brief period to direct motor axons ventrally from the neural tube, providing the first functional evidence that the LIM code plays a role in axon pathfinding in vertebrates. Notably, this "early" LIM code is very dynamic and cells rapidly switch to new LIM codes as motor column identity begins to be established.
FUNCTIONAL TESTS OF THE LIM CODE FOR MOTOR AXON PATHWAY SELECTION IN THE PERIPHERY
The LIM code model, as first conceived (Figure 3) (Tsuchida et al. 1994) , predicted that axonal projections in the periphery of the embryo were regulated by the combinatorial activities of the LIM-HD transcription factors expressed by a given motor neuron subtype. For example, if Lhx3/Lhx4 were knocked out, cells fated to become MMCm neurons were predicted to express an Isl1/Isl2 LIM code characteristic of MMCl and LMCm neurons, and were therefore predicted to project axons to the targets of these motor neuron subtypes. However, because Lhx3 and Lhx4 have an extremely dynamic expression pattern and thus seem to act at several distinct phases of motor neuron development (Figure 4) , previous studies using Lhx3-and Lhx4-deficient mice were not able to reveal the role of these factors in motor axon pathfinding in the periphery owing to the cell fate conversion to a dorsally exiting motor neuron identity (Sharma et al. 1998) . To define the later functions of these factors in motor axon guidance, Sharma et al. (2000) therefore employed a mice knock-in strategy to ectopically and stably express Lhx3 in all somatic motor neurons. This genetic alteration was sufficient to convert motor neuron subtypes to the MMCm identity, as defined by the cell body settling pattern within the spinal cord and gene expression profile. Importantly, this resulted in a dramatic increase, but not total conversion, in the number of axonal projections toward axial muscles, the normal targets of MMCm neurons ( Figure 5) . Thus, during the later period in which motor axons extend in the periphery, a LIM code specific for MMCm neurons (i.e., Isl1/Isl2 and Lhx3/Lhx4) now controls motor axon pathway selection and target recognition, presumably by regulating MMCm axons' responsiveness to guidance cues that promote and direct their axonal growth toward axial muscles.
Another line of evidence for a role of the LIM code in the control of motor axon pathfinding in vertebrates was provided by focusing on the selective expression of Lim1 in LMCl neurons (Kania et al. 2000) . A characteristic feature of LMCl neurons is that, at the base of the limb, the LMCl axons project into dorsal limb mesenchyme. This is in marked contrast to the axons of LMCm neurons which select a ventral trajectory within the limb ( Figure 6A ). By introducing an axonal tracer tau-LacZ into the Lim1 locus, Kania et al. analyzed the axonal trajectory of LMCl neurons within the limb. They found that, in mice deficient in Lim1 function, the specification of LMCl neurons, such as the cell migration pattern in the spinal cord and appearance of characteristic molecular attributes, proceeds normally, but the LMCl axons project into the dorsal and ventral halves of the limb at equal incidence, thus randomizing the selection of a dorsal or ventral pathway by these axons ( Figure 6B ). In addition, in Lim1 mutants, LMCl axons are unable to extend into the distal part of the limb. These results suggest that, although Lim1 is not essential for dorsally directed growth of LMCl axons, a LIM code for LMCl neurons (i.e., Isl2 and Lim1) may control the ability of LMCl axons to respond to specific guidance cues which ensure that a correct pathfinding decision is made at the bifurcation point. and Lhx4 even when their axons exit ventrally from the neural tube to project dorsally toward their axial muscles, other motor neuron subtypes rapidly downregulate the expression of these factors when they begin to form specific motor columns within the spinal cord and extend axons ventrally from the neural tube to grow toward their nonaxial muscle targets. LIM-HD gene expression is dynamic and produces several transient combinations of factors that contribute to motor neuron development in a sequential fashion.
SHIRASAKI PFAFF
The action of the LIM code for axon pathfinding decisions seems to be conserved through evolution. In Drosophila embryos, motor neurons that project axons through the b branch of the intersegmental nerve (ISNb) express both islet and lim3, a homolog of vertebrate Lhx3, whereas motor neurons that project axons through the d branch (ISNd) express only islet (Thor et al. 1999) . As in vertebrates, subtypes of motor neurons in Drosophila therefore express their unique combinations of LIM-HD transcription factors. Thor et al. (1999) found that, in lim3 mutants, the axons of ISNb motor neurons behave like those of ISNd motor neurons. Conversely, ectopic expression of lim3 in ISNd motor neurons now causes the axons of these neurons to behave as those of ISNb motor neurons in a predictable way.
Together, the findings from these genetic studies therefore establish the role of the LIM code in motor axon pathway selection, which represents a critical step for generating the topographic organization of motor projections. More generally, the LIM code expressed in postmitotic neurons is likely to participate in determining the fates and axonal projections of subtypes of neuronal classes throughout the CNS (for a recent review, see 
DOWNSTREAM TARGETS OF THE LIM CODE FOR SUBTYPE-SPECIFIC MOTOR AXON GUIDANCE
The downstream targets of the LIM code that control motor axon pathway selection in vertebrates as well as the subtype-specific axon guidance cues remain poorly characterized. Here, we discuss candidate guidance cues and their motor neuron subtype-specific receptors that may be regulated by the LIM code.
Exit Point from the Neural Tube: Ventral or Dorsal
Analysis of the fate of motor neurons in mice deficient in both Lhx3 and Lhx4 revealed that the combinatorial expression of Isl1 and Lhx3/Lhx4 specifies motor neuron axonal exit point identity (Sharma et al. 1998) . The finding that the absence of Lhx3 and Lhx4 causes motor axons to exit more dorsally from the neural tube suggests that the status of these factors may control the responsiveness of motor axons to either attractants or repellents secreted from the region outside the motor column. It has been shown, for example, that the floor plate secretes diffusible chemorepellents, such as netrin-1 and semaphorins, for axons that show dorsally directed growth away from the ventral midline (Colamarino & Tessier-Lavigne 1995 , Guthrie & Pini 1995 , Tamada et al. 1995 , Shirasaki et al. 1996 , VarelaEchavarría et al. 1997 . To date, involvement of netrin-1 and semaphorins in the formation of the initial ventral trajectory seems unlikely, for in mice deficient in the netrin receptor DCC and semaphorin receptors neuropilins, motor axon exit from the ventral neural tube is not perturbed (Fazeli et al. 1997 , Kitsukawa et al. 1997 , Giger et al. 2000 . However, among the repellents expressed in floor plate cells, Slit2 is able to repel spinal motor axons at a distance in vitro (Brose et al. 1999) . Because spinal motor neurons express the Slit receptor Robo around the time when these axons exit the neural tube (Kidd et al. 1998 , Brose et al. 1999 , Yuan et al. 1999 , it is possible that Slit/Robo signaling in some way contributes to the guidance of motor axons from the neural tube. Alternatively, Lhx3 and Lhx4 in motor neurons might regulate the expression of receptors for chemorepellents secreted from the dorsal neural tube. If this is the case, the source of chemorepellents might exclude the roof plate because this tissue did not repel spinal motor axons in vitro (Augsburger et al. 1999) . The release of repellent activity from the dorsal neural tube for subsets of cranial motor axons has recently been reported (see Caton et al. 2000) .
Growth Away from the Neural Tube
It has been observed that motor neuron subtypes other than MMCm neurons rapidly downregulate the expression of Lhx3 and Lhx4 after their axons exit the neural tube (Figure 4) (Sharma et al. 1998) . Interestingly, in the developing neural tube, commissural axons have been shown to rapidly change their responsiveness to guidance cues upon encountering the floor plate, an intermediate target of these axons (Shirasaki et al. 1998 , Shirasaki & Murakami 2001 . These studies suggest that growing axons still possess an ability to change their initial navigation program during their growth toward their final targets. Thus, the rapid change in the status of Lhx3/Lhx4 within motor neurons might be relevant to the change in their initial axon-navigation program, which may enable axons of motor neuron subtypes other than MMCm to extend ventrally away from the neural tube. On the other hand, the maintenance of Lhx3/Lhx4 in MMCm motor neurons as they extend axons in the periphery raises the intriguing possibility that a related guidance cue is used both for directing motor axons ventrally from the neural tube and for their selection of the dorsal ramus pathway in the periphery. Finally, it should be noted that the involvement of HGF/c-met signaling in directed growth of LMC axons toward the base of the limb is still controversial, for the HGF receptor c-met has not been observed to be expressed in LMC neurons when they first grow toward the limb (Ebens et al. 1996 , Novak et al. 2000 , and the axonal projections toward the limb are unaffected in HGF mutant mice (Ebens et al. 1996) , suggesting another signal may be responsible.
Directed Growth Toward Axial Muscles
It has been shown that ablation of the dermomyotome, the precursor of axial muscles, in the chick embryo prevents the dorsal deviation of MMCm axons (Tosney 1987 (Tosney , 1988 , suggesting the possibility that the dermomyotome secretes a chemoattractant for the axons of MMCm neurons. Similarly, evidence has been provided that Xenopus somitic myoblasts can attract neurites from Xenopus neural tube explants in culture (McCaig 1986) . Furthermore, in the zebrafish mutant spadetail, which is deficient in trunk myotome development (Kimmel et al. 1989) , the projection patterns of motor axons toward the myotome develop abnormally (Eisen & Pike 1991) . Although the hypothesis of the existence of a dermomyotomederived chemoattractant for MMCm axons has fascinated developmental neurobiologists for many years, direct evidence has yet to be provided.
Tessier-Lavigne and colleagues have attempted to detect such a chemoattractive activity from the dermomyotome using a collagen-gel coculture assay, but were unable to detect its activity (Ebens et al. 1996) . In addition, they have also tested whether candidate secreted molecules expressed in the dermomyotome could promote the outgrowth of motor axons from ventral spinal cord explants. However, the factors that they have tested such as netrin-1, basic FGF, and TGFβ-1 failed to promote motor axon outgrowth (Ebens et al. 1996) . Consistent with this, most of the known secreted molecules expressed in the dermomyotome do not show outgrowth-promoting activity for MMCm axons (R. Shirasaki & S. L. Pfaff, unpublished data) . Possible explanations for these failures are that the cultured target tissue fails to differentiate properly or motor axons lose responsiveness to this putative chemoattractant when placed in vitro (Ebens et al. 1996) .
Most importantly, however, the observation that, in mice in which Lhx3 is ectopically expressed in all motor neurons, many motor axons that have first bypassed the normal choice point of MMCm axons now are dramatically redirected to grow back toward axial muscles ( Figure 5 ) (Sharma et al. 2000) provides further in vivo evidence to support the notion that the axial muscle, the target of MMCm axons, secretes a long-range chemoattractant specific for MMCm axons. To date, the nature of the chemoattractive activity specific for MMCm axons as well as the identity of the chemoattractant receptor remain unknown.
Choice of Axonal Entry into the Limb: Ventral or Dorsal
The cellular environment of the dorsal and ventral halves of the limb mesenchyme is molecularly distinguished by the restricted dorsal expression of LIM-HD transcription factor Lmx1b (Riddle et al. 1995 , Vogel et al. 1995 . Kania et al. (2000) found that, in Lmx1b mutants, the axons of both LMCl and LMCm neurons randomly project into the dorsal and ventral limb, suggesting that LMCl and LMCm axons can no longer sense the distinction of guidance cues that direct these axons toward their appropriate territory. Together with the complementary results obtained in Lim1 mutants described above ( Figure 6B ) (Kania et al. 2000) , these findings suggest that one of the downstream genes regulated by Lim1 in LMCl neurons may encode a receptor that recognizes the guidance cues preferentially expressed in the dorsal or the ventral half of the limb mesenchyme. In addition, at the base of the limb, the axons of LMCl and LMCm neurons segregate immediately to enter either the dorsal or ventral limb mesenchyme (Tosney & Landmesser 1985a) , suggesting that the guidance cues that control this pathfinding decision may operate at short range.
Recent studies have shown that the Eph family of tyrosine kinase receptors and their membrane-bound ligands, the ephrins, mediate axon guidance by a contact-dependent mechanism (for a recent review, see Wilkinson 2001) . Indeed, some members of the Eph/ephrin signaling system are differentially and transiently expressed in subsets of motor neurons (Kilpatrick et al. 1996 , Ohta et al. 1996 , Araujo et al. 1998 , Iwamasa et al. 1999 . Among these, it has been shown that in chick and mouse embryos, the EphA4 protein is predominantly expressed in the axons of LMCl neurons during their pathfinding decision at the base of the limb (Ohta et al. 1996 , Helmbacher et al. 2000 . Moreover, the ventral limb mesenchyme appears to express higher levels of two EphA4 ligands, ephrin-A2 and ephrin-A5 proteins, as LMC axons reach this choice point (Ohta et al. 1997 , Eberhart et al. 2000 . Strikingly, in mice deficient in EphA4 function, the LMCl axons fail to enter the dorsal limb and instead select a ventral trajectory (Figure 6C) (Helmbacher et al. 2000) . Because ephrin-A2 and ephrin-A5 have an inhibitory effect on axonal outgrowth of motor neurons expressing EphA4 (Ohta et al. 1997) , the misprojection by LMCl axons in EphA4 mutant mice could be due to the failure of these axons to respond to the repellent ligands in the ventral limb.
Although the phenotype of LMCl axon trajectories in EphA4 mutants does not perfectly correspond to that in Lim1 mutants (compare Figure 6B with 6C), the finding that both of these molecules are critically involved in the binary choice in axonal trajectory at their specific decision point provides a potential link between the downstream genes of a LIM code involving Lim1 and the Eph/ephrin signaling through EphA4 within the LMCl subtype.
CONTRIBUTION OF THE HOX CODE AND THE ETS CODE
Although the LIM code defines the columnar identity of motor neurons in the spinal cord, the currently known LIM-HD transcription factors are insufficient to account for the entire range of motor neuron subtypes. For example, the LIM code alone does not distinguish the motor pool identity of limb-innervating LMC neurons. Lin et al. (1998) found that specific motor pools are defined by the combinatorial expression of LIM-HD transcription factors and two closely-related ETS transcription factors. In addition, the two ETS transcription factors, ER81 and PEA3, are also expressed in subsets of muscle sensory afferent neurons. Strikingly, they found a high degree of concordance in the profile of ETS protein expression by sensory and motor neurons that project to the same muscle target (Lin et al. 1998) , thus revealing a molecular matching between functionally related sensory and motor neurons. It is important to note that the onset of expression of ETS transcription factors occurs at a relatively late stage when LMC axons reach the base of the limb (Lin et al. 1998 ). It has recently been shown that individual motor pools exhibit their characteristic features before LMC axons enter the limb (Milner et al. 1998 , Milner & Landmesser 1999 . Thus, it is likely that specification of motor pool identity occurs prior to the initiation of ETS gene expression. Indeed, in Er81 mutant mice, the pool identity as well as the columnar identity of LMC neurons do not appear to be perturbed, although Ia sensory afferents fail to establish their characteristic termination zone within the ventral spinal cord (Arber et al. 2000) .
Several lines of evidence suggest that the Hox genes, which have been implicated in specifying positional identities along the anteroposterior axis of the caudal neural tube (for a review, see Lumsden & Krumlauf 1996) , may contribute to the establishment of the pool identity of motor neurons. Members of Hoxc and Hoxd clusters have been shown to be expressed by subsets of LMC neurons (Ensini et al. 1998 , Tiret et al. 1998 , Lance-Jones et al. 2001 ). In addition, the specification of the motor pool seems to occur prior to the onset of expression of the LIM code (Matise & Lance-Jones 1996) , and the reprogramming of motor neuron subtype properties is associated with the reconfiguration of Hox gene profiles (Lance-Jones et al. 2001) . In support of a role for Hox genes in motor neuron pool development, targeted disruptions of Hoxd9 and Hoxd10 cause alterations in peripheral nerve projections from specific motor pools (Carpenter et al. 1997 , de la Cruz et al. 1999 . Furthermore, in Hoxc8 deficient mice, the topographic organization of motor pools that innervate forelimb distal muscles becomes disorganized (Tiret et al. 1998 ). Thus, these findings support the idea that the action of the Hox code within motor neurons is a part of the mechanism that imposes on motor neurons the patterning information required for the fine tuning of subtype identity necessary to establish connections between motor pools and muscle targets.
CONCLUSIONS
The ultimate outcome of neuronal fate specification is the accomplishment of synapse formation with appropriate target cells and the acquisition of appropriate physiological traits. Among a series of stages of the neuronal differentiation program, axon pathfinding that occurs in postmitotic neurons plays a fundamental role in the formation of functional neural circuits. Classical embryological studies focusing on topographic projections of spinal motor axons have suggested the existence of intrinsic differences between motor neuron subtypes before these axons select their specific pathways to reach their proper target muscles. One of the key discoveries during the past decade is that unique combinatorial arrays of LIM-HD transcription factors, the LIM code, define the target specificity of individual motor neuron subtypes. Recent molecular and genetic studies have provided compelling evidence to support the notion that the LIM code confers motor neuron subtypes with the ability to select specific axon pathways to reach their targets.
However, a number of important questions remain to be addressed. For example, it is still unclear to what extent the initial intrinsic genetic programs can control the later aspects of motor neuron development, such as positionally selective synaptogenesis by motor pools onto skeletal muscles (Laskowski & Sanes 1987 , Feng et al. 2000 and specific expression of ion channels on motor nerve endings. Notably, it has recently been shown that individual motor pools exhibit their characteristic patterned bursting activity even while motor axons are growing toward their muscle targets (Milner & Landmesser 1999 ). In addition, motor neurons within a single pool can be further subdivided into two classes, based on whether they innervate fast or slow muscle fiber types. Recent studies have shown that, long before motor axons reach their muscle targets, fast-and slow-muscle innervating motor neurons are molecularly distinct in their axonal surface properties required for their selective fasciculation and target recognition (Rafuse et al. 1996 , Milner et al. 1998 ). These findings suggest that, although the LIM code explains neither pool-specific nor subpool-specific properties, certain genetic programs involved in regulation of their characteristic membrane surface properties on their growing axons must be active prior to target innervation.
Finally, an important challenge is now to identify the downstream genes that are directly regulated by axon pathfinding-related transcriptional codes. Implicit in the suggestion from the LIM code hypothesis is that the code determines the differential responsiveness of motor axons to guidance cues specific for a subtype of motor neurons. In this context, it is reasonable to speculate that the receptor or receptor-associated cofactor for sensing such guidance cues is a prime candidate to be among the downstream targets. Because the transcriptional codes seem to be conserved through evolution, the identification of such key players will surely lead to the opening of a new and exciting chapter in this field of biology. 
